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APPLICATION OF NEUROMUSCULAR electrical stimulation (NMES) over a peripheral nerve elicits afferent volleys that are distributed widely throughout the nervous system (7, 20, 28) . The magnitude of this central effect, however, depends on the characteristics of the applied NMES. For example, Chipchase et al. (6) found that the change in corticomotor responsiveness as assessed with transcranial magnetic stimulation after 30 min of NMES applied over biceps brachii depended on the intensity and pattern, but not the frequency (10 vs. 100 Hz) of stimulation. They found that corticomotor responsiveness was depressed when the applied current was greater than the perceptual threshold but less than the motor threshold, whereas it was augmented with currents that were greater than the motor threshold but only for ramp increases and not constant currents.
The central effects of NMES also depend on the width of the stimulus pulse due to its relative influence on the activation of motor and sensory axons, whether the current is applied over the nerve or over the muscle (2, 3, 25, 31) . The activation of large-diameter afferent axons to evoke a Hoffmann (H) reflex, for example, is more effective with wide stimulus pulses (1 ms) than with narrow pulses (0.2 ms) (31) . Due to its greater engagement of sensory axons, wide-pulse NMES can elicit more substantial increases in spinal and corticospinal excitability than narrow-pulse NMES (17, 18, 19) . In contrast to the findings of Chipchase et al. (6) , it has been shown that the central effects may also depend on NMES frequency. For example, the amplitude of motor-evoked responses in tibialis anterior by transcranial magnetic stimulation increased progressively during 40 min of wide-pulse NMES at 100 Hz of stimulation, but there was no effect at stimulus frequencies of 10, 50, or 200 Hz (20) . In contrast to its effects on sensory axons, pulse width does not influence the incidence of recruitment reversals for pairs of motor units when they are activated by NMES (11) .
Similarly, the influence of NMES on the magnitude of the responses evoked in contralateral muscles also depends on the characteristics of the applied stimulation, and the crossed effects differ from those associated with voluntary contractions. For example, Hortobágyi et al. (14) found that voluntary contractions (50 and 75% of maximum) performed with the left wrist flexor muscles were associated with an increase in the amplitude of the potential evoked in the right flexor carpi radialis by transcranial magnetic stimulation, but a decrease in the amplitude of the H reflex in the right flexor carpi radialis. However, there was no modulation of either evoked response in the right flexor carpi radialis when the left wrist flexors contracted at 25% of maximum, which suggests that higherthreshold motor units had to be activated in the left wrist flexors to influence the evoked response in the relaxed flexor carpi radialis. When contractions were evoked in the left wrist flexors by NMES (5-s stimulation at 2 kHz modulated at 50 Hz) to produce a force equal to 50% of the maximal voluntary force, the amplitudes of both the motor-evoked potential and the H reflex in the right flexor carpi radialis were augmented. Unfortunately, the influence of weaker evoked contractions that would have engaged both low-and high-threshold motor units in the left wrist flexors was not examined in this study. Nonetheless, the divergent effects of voluntary and evoked (NMES) contractions on H reflex amplitude were interpreted as involving Ia presynaptic inhibition during voluntary contractions, but not during contractions evoked by NMES.
The hypothesis for the current study was that the crossed effects of NMES would increase with current amplitude and pulse duration. Rather than measuring the influence of NMES in terms of the amplitude of evoked responses in contralateral muscles, however, the approach was to examine its effect on ongoing motor unit activity. The purpose of the study was to determine the influence of NMES current and pulse width applied to the right elbow flexors on the discharge characteristics of motor units in the left biceps brachii. Some of these data have been presented in abstract form (1) .
MATERIALS AND METHODS
The study enrolled 29 participants who were free from cardiovascular and neurological disorders, but due to technical challenges, the entire protocol was completed by only 11 young adults (23 Ϯ 4 yr, range 18 -31 yr, 3 women). All participants except one were righthanded, as verified by the laterality quotient (0.7 Ϯ 0.3 of the Edinburgh Handedness Inventory). Written informed consent was obtained from all participants and the experimental procedures were approved by the Institutional Review Board at the University of Colorado (Protocol 13-0636) and were in accordance with the Declaration of Helsinki.
Experimental setup. Subjects were seated comfortably with the left and right arms abducted by ϳ0.79 rad from the trunk. Each elbow was flexed to 1.57 rad and the forearm was secured in a padded brace. The hand and forearm of each arm were placed in a modified wrist-handthumb orthosis (Orthomerica, Newport Beach, CA) and oriented in a neutral position midway between supination and pronation (Fig. 1) . The upward forces exerted by the elbow flexor muscles were measured with force transducers attached to each orthosis at the level of the wrist. The force exerted by the left arm was measured with a JR3 transducer (900 N range, 182 N/V; Woodland, CA) and that for the right arm was measured with a Sealed Super Mini load cell (2,000 N range, 250 N/V; Temecula, CA). Visual feedback of elbow flexor force was provided for each arm on a computer monitor (43.2 cm) located at eye level ϳ59 cm in front of the subject. Force was digitized with a Power 1401 [Cambridge Electronic Design, CED; Cambridge, UK] at 1,000 or 2,000 samples/s and stored on a computer.
Participants were required to sustain the steady discharge of an isolated motor unit in left biceps brachii by performing a submaximal contraction before, during, and after the application of an NMES protocol to the elbow flexors of the right arm. A constant-current stimulator (DS7A Digitimer, Welwyn Garden City, UK) was used to provide an NMES current of rectangular pulses that were delivered through conductive fabric electrodes (5 ϫ 9 cm; model 895250; Axelgaard Manufacturing, Lystrup, Denmark) placed transversally over the proximal (cathode) and distal regions of the right biceps brachii. To minimize the conduction of a stimulus artifact from the right arm to the left arm, a stainless steel braided cable (1.5 cm width) was wrapped around each participant's upper arm proximal to the stimulating electrodes and attached to a ground source (Fig. 1) . The influence of six NMES protocols [three currents (in milliamperes, mA) and two pulse widths (in milliseconds, ms)] on the discharge characteristics of each isolated motor unit was compared.
Electromyographic recordings. Single motor unit potentials were recorded from the short head of biceps brachii of the left arm using Formvar-insulated, stainless steel wires (50 m diameter; California Fine Wire, Grover Beach, CA). Each electrode consisted of two insulated wires that were glued together with three ϳ1 mm regions of the insulation removed; two regions were on one wire separated by 3 mm, and a single region was on the other wire positioned between the two regions of the same wire (9, 23) . After identifying the intermarginal septum that distinguishes the short and long heads of biceps brachii, the skin over the belly of the short head was pinched tightly by one investigator while another investigator inserted the wires subcutaneously across the muscle belly with a 25-gauge needle. The needle did not penetrate the muscle fascia and was oriented perpendicular to the presumed direction of the muscle fibers. The needle was removed before the electrode was used to record motor unit action potentials. A reference surface electrocardiographic (ECG) electrode was placed over the clavicle or olecranon process (30 ϫ 24 mm; model H124SG; Kendall). The electrical signal was amplified Fig. 1 . The experimental setup consisted of two devices, one for each arm, to constrain the position of the forearm and hand. The upward force exerted at the wrist by the elbow flexors of each arm was measured with a force transducer attached underneath the forearm-hand orthosis. Electromyographic (EMG) signals were recorded from the left biceps brachii muscle with a subcutaneous, fine-wire electrode (red wire) and a pair of surface electrodes (blue wires). Surface EMG recordings were also obtained for brachioradialis (green wires). Neuromuscular electrical stimulation (NMES) currents were delivered to the right elbow flexors via a pair of conductive fabric electrodes (yellow pads) and a braided ground cable (blue wire) was wrapped around the proximal upper arm.
(ϫ5,000), band-pass filtered (0.3-8.5 kHz; S-series; Coulbourn Instruments, Allentown, PA), sampled at 20,000 samples/s (Power 1401, CED), and stored on a computer (Spike2, v.5.20; CED). Single motor unit potentials were identified online with a dual-window discriminator (Coulbourn, V21-10) and displayed on a monitor.
The surface electromyography (EMG) of left biceps brachii (short and long heads) and brachioradialis was recorded with a bipolar arrangement (interelectrode distance of ϳ20 mm) of ECG electrodes (30 ϫ 24 mm, model H124SG; Kendall). The surface electrodes for biceps brachii were placed on the distal side of the subcutaneous electrode. Reference surface ECG electrodes were placed over the left clavicle. The EMG signals were amplified (ϫ1,000), band-pass filtered (13-1,000 Hz; S-series, Coulbourn), sampled at 2,000 samples/s (Power 1401; CED), and stored on the computer (Spike2, v.5.20; CED).
Protocol. After attaching the electrodes and placing the participant in the apparatus, the protocol began with several brief submaximal contractions with the left elbow flexors to determine whether the signal contained action potentials for a motor unit that could be discriminated in the short head of biceps brachii. The participant then performed several maximal voluntary contractions (MVCs) to determine the peak upward force exerted by the left elbow flexors and the surface EMG amplitude for biceps brachii and brachioradialis associated with the MVC force. The task involved increasing elbow flexor torque from baseline to maximum over 3 s and sustaining the maximal force for ϳ3 s. Verbal encouragement was provided during the task and visual feedback of the upward force was provided on a monitor. The MVC force was determined from a minimum of two trials. If the peak forces from the two trials were not within 5% of each other, additional trials were performed until this criterion was met. Subjects rested for ϳ60 s between each MVC trial.
Participants then performed an isometric contraction with the left elbow flexors and were instructed to gradually increase the upward force exerted by the wrist up to a target displayed on the monitor (60% MVC force). As each participant performed this ramp contraction, the investigators observed the signal recorded with the subcutaneous electrode to estimate the recruitment threshold force of a candidate motor unit and other motor units that might be discriminated. A target force slightly above the recruitment threshold of a motor unit was then displayed on the monitor and the participant performed a voluntary contraction with the left elbow flexors to match the target force. The target force was adjusted over several brief contractions to ensure that the motor unit sustained a low, regular discharge rate.
Once a motor unit and its target force had been identified, the right elbow flexors were prepared for the delivery of the NMES protocols. With the same procedure used for the left arm, participants performed several trials of the MVC task with the right elbow flexors until the MVC force was determined. Based on the MVC force, target forces equal to ϳ10% and ϳ20% were calculated for subsequent display on the monitor. The greater force was constrained to produce no more than moderate discomfort for the participants.
The NMES protocols applied to the right elbow flexors involved combinations of three currents and two pulse widths. The current was set at either below or above motor threshold, which was identified as a single 0.2-ms pulse of current sufficient to cause the minimal palpable displacement of the distal biceps brachii tendon. One of the NMES currents was set at 80% of motor threshold, which was less than the perception threshold for all participants. The other two currents were those required to evoke elbow flexor contractions that matched the target forces of ϳ10% and ϳ20% MVC force for the two rectangular pulse widths (0.2 ms and 1 ms) at 40 Hz. Participants were asked about the discomfort associated with each NMES protocol with 0 denoting no discomfort and 10 corresponding to extreme discomfort. All participants reported values Յ5 for discomfort with values ranging from 2 to 5. There was no association between the level of right-arm discomfort and the influence of NMES on motor unit activity in the short head of the left biceps brachii.
In a randomized order for current and then pulse width, the NMES protocols were applied for 5 s to the right elbow flexors in the middle of a 15-to 30-s contraction performed with the left elbow flexors (Fig.  2 ). Participants matched a target force displayed on a monitor and one of the investigators provided verbal feedback to guide subjects on how much force to exert so that the isolated motor unit continued to regularly discharge. Once the influence of the 40-Hz protocols (three currents and two pulse widths) on the discharge characteristics of the isolated motor unit had been recorded, if the participant was willing, the subcutaneous electrode was moved to identify another motor unit. , the interference EMG signal for biceps brachii (C), the isolated motor unit from the short head of biceps brachii (D), and its instantaneous discharge rate with superimposed traces of its action potential (E). The motor unit had a threshold force of 8.1% MVC, an average interspike interval of 52.3 Ϯ 3.8 ms, and a coefficient of variation for interspike interval of 35.8 Ϯ 1.0%.
Data analysis. The force deflections were identified by visual inspection of a high-gain display of the left-arm force by the second and third authors. A number of trials were evaluated at least twice to ensure reliability of detecting the beginning and end of each deflection. Some of our previous work had demonstrated that the visual inspection method provides an accurate measure of signal onset (15) .
Motor units were distinguished on the basis of waveform shape and target force, referred to as the threshold force, at which they sustained a low, regular discharge rate (30) . Motor units with threshold forces Յ25% MVC force were arbitrarily identified as low-threshold units (5) . Such a categorization was necessary because previous studies have reported that activation of cutaneous receptors with electrical stimulation has differential effects on the discharge characteristics of low-and high-threshold motor units (12, 16) .
Discrimination of single motor unit action potentials was performed offline with an automatic decomposition algorithm (EMGLab), which has been demonstrated to achieve an accuracy of at least 90% for single-channel intramuscular recordings (21, 22) . Interspike intervals Ͼ250 ms (Ͻ4 pulses/s) or Ͻ20 ms (Ͼ50 pulses/s) were excluded from the calculations of discharge rate (26) . Once discriminated, the discharge times over periods of ϳ5 s were determined before, during, and after the application of NMES to the right elbow flexors. Within each period, discharge times were converted into interspike intervals and the means and coefficients of variation (CVs) were calculated.
The influence of NMES on the means and CVs for interspike interval of the isolated motor units was examined with three-factor ANOVAs with repeated measures on time (before, during, and after NMES), NMES current, and pulse width. The analysis examined low-threshold units, high-threshold units, and both groups of motor units together. Other outcomes were compared with one-way ANOVAs, two-tailed t-tests, and Pearson correlation coefficients. An alpha level of P Ͻ0.05 was used to identify significant differences and statistical analyses were performed using SPSS (version 16.0, Chicago, IL). Post hoc analyses led to a Bonferroni adjustment. Data are presented in the text as means Ϯ SD.
RESULTS
It was technically challenging to isolate and maintain the regular discharge of a single motor unit for the duration of the six NMES protocols (three currents and two pulse widths). However, from the 11 individuals who completed the demanding protocol, it was possible to track a mean of 3.45 motor units in each experimental session. No participant withdrew from the study due to discomfort associated with NMES.
Evoked and voluntary forces. The NMES current applied to the right elbow flexors increased across the three levels of activation (Table 1) . By design, the current used for the 80% motor threshold condition was insufficient to evoke a sensory or motor response in the right elbow flexors. The force evoked with the greatest NMES current (ϳ20% MVC force) was 2.2 and 2.5 times greater than the intermediate NMES current (ϳ10% MVC force) for the narrow and wide pulses, respectively. The forces evoked in the right elbow flexors during the 5 s of NMES ( Fig. 2A) were reasonably constant for both pulse widths.
The target force ranged from 0.4 to 21.5% MVC force when tracking low-threshold motor units and from 31.7 to 56.3% MVC force when following high-threshold motor units. The NMES current or pulse width applied to the right arm did not influence the average force exerted by the left arm
However, application of NMES to the right arm did cause transient deflections in the force exerted by the left elbow flexors in some conditions (Fig. 2B) . The deflections coincided with the onset and offset of the NMES current applied to the right elbow flexors. The deflections were rarely observed when tracking high-threshold motor units and were not present for the 80% motor threshold current, but were present in 16 of 24 trials when evoking the ϳ10% MVC force and in 21 of 24 trials when evoking the ϳ20% MVC force in the right elbow flexors during the trials for low-threshold motor units. The trials in which there were no force deflections were limited to 3 of the 11 participants; for these individuals, deflections were observed in 4 of 16, 5 of 12, and 2 of 8 of those trials. The deflections were typically downward at the start of the 5-s NMES train (34 of 37 trials) and always upward at the end of the NMES train (37 of 37 trials).
Aside from the difference in the direction of the force deflection at the onset and offset of the right-arm NMES, there were several statistically significant differences in the latency, amplitude, and duration of the deflection due to NMES current or pulse width ( Table 2 ). The latency of the response (onset and offset) was briefer with wide-pulse stimulation at 10% MVC force (P Յ 0.05), but not at 20% MVC force. Offset latency, but not onset latency, was briefer at 20% MVC force than at 10% MVC force for narrow-pulse stimulation (P Ͻ 0.05), but briefer at 10% MVC force than at 20% MVC force for wide-pulse stimulation (P Ͻ 0.05). The duration of both deflections (onset and offset) was less for the stronger NMES current (20% MVC force) than that used to evoke 10% MVC force for both pulse widths (P Ͻ 0.001). There was no influence of NMES current (10% vs. 20%) or pulse width (narrow vs. wide) on deflection amplitude, except that the amplitude of the offset deflection elicited by the stronger NMES current (20% MVC force) with the wide pulse was greater than that associated with the weaker NMES current (10% MVC force, P Ͻ 0.02).
Moreover, there was an effect of pulse width on associations between characteristics of the onset and offset deflections. The correlation coefficient for the amplitudes of the two deflections was statistically significant (all P Ͻ 0.01) for narrow-and wide-pulse stimulation for both the 10% (r ϭ 0.59 and 0.56, respectively) and 20% (r ϭ 0.84 and 0.50, respectively) NMES currents. The correlations were similar for deflection duration at the 10% (narrow r ϭ 0.54, P Ͻ 0.01; wide r ϭ 0.57, P Ͻ 0.01), but weaker at 20% (narrow r ϭ 0.19, P ϭ 0.34; wide r ϭ 0.40, P Ͻ 0.05) NMES currents.
Although the force deflections must have been caused by transient adjustments in motor unit activity, this was not evident in the surface EMG recordings during most trials (Fig. 2C ) or in the instantaneous discharge rates of isolated motor units (Fig. 2E ). However, it was possible to detect slight modulation of motor unit activity and surface EMG activity when the NMES caused large-amplitude force deflections (Fig. 3) .
Discharge characteristics. Recordings were obtained from 28 low-threshold (target force 8.7 Ϯ 6.0% MVC force) and 16 high-threshold (target force 38.8 Ϯ 6.3% MVC force) motor units in the short head of the left biceps brachii. The discharge times of single motor units were determined at 4-to 5-s intervals from before, during, and after an NMES current was applied to the right elbow flexors. Most motor units were discriminated for all six NMES conditions ( Table 3 ). The discharge characteristics of the motor units were quantified as the mean and CV of interspike interval for before, during, and after the application of NMES. ANOVA indicated that none of the NMES conditions had any statistically significant (P Ͼ 0.05) influence on either the mean or CV for interspike interval of the single motor units that were tracked across the protocol (before, during, and after NMES). Consequently, the discharge characteristics of the low-and high-threshold motor units were averaged separately across the three phases (before, during, and after NMES) for each NMES protocol (Table 3) .
Although most experiments yielded only one motor unit, the discharge characteristics of 14 motor units (7 low-and 7 high-threshold) were recorded after the protocol had been completed for one motor unit and the subcutaneous electrode was moved. Due to the possibility, albeit slight, that the second recording may have been from the same motor unit, ANOVAs were repeated on a smaller dataset in which the 14 motor units had been removed. Consistent with the analysis on the 44 motor units, ANOVA indicated that none of the NMES conditions had any statistically significant (P Ͼ 0.05) influence on either the mean or CV for interspike interval of the 30 single motor units that were tracked across the protocol (before, during, and after NMES).
Due to the emergence of force deflections at the onset and offset of NMES when tracking low-threshold motor units, the analysis also examined the association between the change in discharge characteristics from before to after each deflection and the amplitude of the force deflection. Neither the change in mean interspike interval nor the change in CV for interspike interval was significantly correlated with the amplitude of the force deflections, with one exception (Table 4 ). The exception was for the amplitude of the offset deflection with widepulse stimulation at the 10% NMES current, which was negatively correlated with the change in the CV for interspike interval (P Ͻ 0.05); thus a reduction in the variability of discharge times was associated with a greater offset deflection under these conditions.
Despite the minimal influence of the NMES currents applied to the right elbow flexors on the discharge characteristics of the tracked motor units in the left arm, NMES did alter the activity of at least some motor units in the short head of the left biceps brachii that were not tracked across the protocol. The influence of NMES on the activity of other motor units was most obvious in the many trials in which we were unable to track an isolated motor unit once the NMES current was applied. To indicate the magnitude of this effect, the number of unique waveforms identified by the automatic decomposition algorithm (EMGLab) was counted during each of the three phases (before, during, and after NMES) for motor unit recordings that were successfully tracked across the protocol (Figs. 3 and 4) .
Although not all of these waveforms would have represented a different motor unit, a change in the number of waveforms across the three phases provides an estimate of changes in the amount of motor unit activity. As indicated in Table 5 , the average number of waveforms detected by the algorithm increased during and after NMES. The increase in number of waveforms was statistically significant when the NMES current evoked a contraction (10 and 20% MVC), but not when the current was set at 80% motor threshold. Changes in the number of waveforms were not related either to NMES current or pulse width (Table 5 ). Across the two pulse widths (0.2 and 1.0 ms) and the two NMES currents (10 and 20% MVC), the net number of identified waveforms went from 3.3 Ϯ 2.0 before NMES to 5.1 Ϯ 3.2 during and 5.0 Ϯ 3.6 after NMES (P Ͻ 0.001). The net number of waveforms detected during and after NMES included some that were recruited and others that were derecruited. Those waveforms derecruited from before to during NMES did not differ with either pulse width or NMES current, and were relatively few in number with only 14 waveforms missing from the 462 that were identified before NMES. The loss of waveforms was greater after NMES with 103 missing from the 637 that were detected during NMES, but again the change did not differ with either pulse width or NMES current. The derecruitment of waveforms, therefore, was greater after NMES compared with during NMES.
DISCUSSION
The results were not consistent with the hypothesis that the influence of NMES applied to the right elbow flexors on motor unit activity in the short head of the left biceps brachii would increase with the amplitude of applied current and width of the stimulus pulse. The main finding was that the crossed effects were distributed nonuniformly across the involved motor units and were largely unrelated to NMES stimulus intensity and pulse width. The two main effects associated with NMES consisted of a transient deflection in the force exerted by the left elbow flexors, but only when tracking low-threshold motor units, and a change in the activity of some, but not all, motor units in the short head of biceps brachii that was evident at both NMES currents and pulse widths.
Force deflections during voluntary contractions. The transient deflections in the left-arm force were not due to a stimulus artifact associated with the application of NMES to the right arm. When an artifact was present, which occurred occasionally, it was observed in the single motor unit recording (fine wire, subcutaneous electrode) as one artifact for each stimulus pulse and not just at the beginning and end of the NMES train. The presence of artifacts in the recordings obtained from the left arm were attenuated by the stainless steel braided cable that was wrapped around the right upper arm of each participant (Fig. 1) . Moreover, the transient deflections in the left-arm force were present only when tracking low-threshold motor units and not high-threshold motor units. The force deflections were also not attributable to the unexpected application of NMES because one investigator counted down (3-2-1) to indicate the onset and offset of the NMES train in all trials for both groups of motor units.
The force deflection associated with NMES onset was downward, which meant a brief reduction but not cessation, of motor unit activity that contributed to the left-arm force. The brief reduction in ongoing motor unit activity that coincided with NMES onset did not involve all the active motor units because those that were tracked throughout the protocol typically did not exhibit any modulation of activity at either the onset or offset of NMES. When the amplitude of the force deflection was large, however, it was possible to detect slight modulation of motor unit activity in both the fine wire and surface EMG recordings (Fig. 3) . Moreover, in the condition wide-pulse Values are means Ϯ SD. a n ϭ 28, b n ϭ 16. ISI, interspike interval; CV, coefficient of variation. stimulation at 10% MVC force, the change in CV for interspike interval from before to after the deflection was significantly correlated with the amplitude of the offset deflection. However, the deflection-associated adjustments in motor unit activity were usually not observed in the surface EMG recordings of either biceps brachii or brachioradialis (Figs. 2 and 3) . One reason for the apparent absence of an effect is that interference EMG signals are relatively insensitive to modest adjustments in the discharge characteristics of low-threshold motor units, especially recordings obtained with bipolar electrodes (10) . Another possible reason for the lack of modulation in the surface EMG recordings from biceps brachii and brachioradialis is that motor units in other synergist muscles may have caused the force deflections. Although we did not record the EMG activity in triceps brachii, the force deflections are unlikely to have involved antagonist muscles because they were present only when low-threshold motor units were being tracked.
The NMES currents and pulse widths did produce some statistically significant differences in the characteristics of the two force deflections. Most of these differences were due to the influence of NMES current. The most consistent effect was a briefer duration for both the onset and offset deflections at 20% MVC force compared with 10% MVC force. Some of the effects of NMES current varied with pulse width, such as wide-pulse stimulation eliciting a briefer latency and greater amplitude for the offset deflection at 20% MVC force than at 10% MVC force. Similarly, the latency for both the onset and offset deflections was briefer at 10% MVC force for widepulse stimulation compared with narrow-pulse stimulation. Also, the latency for the offset deflection with narrow-pulse stimulation was longer at 10% MVC force than at 20% MVC force. These findings indicate that differences in the NMESevoked afferent volleys that produced crossed effects were most often due to the magnitude of the current and its interaction with pulse width.
Percutaneous activation of peripheral axons with electrical stimulation, such as NMES, sends a volley of afferent feedback into the spinal cord (4) that can evoke responses in the contralateral limb (8, 24, 29) . For example, electrical stimulation (five 1-ms pulses at 300 Hz) of the superficial radial nerve at the level of the hand (cutaneous afferents) evokes an interlimb reflex depression of EMG activity at a medium (75-120 ms) latency in contralateral flexor carpi radialis during an ongoing contraction (50% MVC) (32) . The transient force depression at NMES onset in the current study, therefore, had a direction and latency consistent with it being mediated by a medium-latency interlimb reflex. However, it seems unlikely that a similar reflex pathway could explain the upward force deflection at NMES offset. Moreover, the interpretation is confounded by the observation that the force deflections were present only during the tracking of low-threshold motor units.
Alternatively, the central effects of NMES may simply be greater during changes in the amplitude of the applied electrical stimulation. For example, Chipchase et al. (6) found that the influence of NMES on the responsiveness of the pathway from the motor cortex to biceps and triceps brachii, as assessed with transcranial magnetic stimulation, was greater when the stimulus intensity changed compared with when it remained constant. They measured the amplitude of motor-evoked potentials before and after 30 min of either constant-or variableamplitude NMES (0.1-ms pulses) applied to biceps brachii. Six different NMES conditions were examined in which current amplitude was varied to evoke weak and strong sensory or motor responses. The variable current condition involved intermittent contractions (4 s on, 6 s off) in which current increased and decreased linearly during each 4-s contraction. The amplitude of the motor-evoked responses in both biceps and triceps brachii increased after the variable-current NMES, but not after either the low-or high-intensity constant current NMES.
Some insight on the underlying neural mechanisms may be obtained from intracellular motor neuron recordings, which have indicated that electrical stimulation (pulse width 0.1 ms at 100 -200 Hz for 0.8 -1.0 s) of the peroneal nerve can elicit short-latency postsynaptic potentials in most motor neurons innervating the contralateral medial gastrocnemius muscle (13) . When the response elicited in these motor neurons includes an inhibitory postsynaptic potential, it reached an early peak, decayed rapidly (20 -40 ms), and then became a steadystate depolarization (400 -500 ms) despite continued nerve stimulation. When the electrical stimulation ended, the postsynaptic potential slowly decayed back to the resting membrane potential. Moreover, the magnitude of the inhibitory response appeared to be greater in motor neurons with lower activation thresholds (27) , which may explain why the force deflections were observed in the current study only when low-threshold motor units were being tracked. Such adjustments in the amplitude and direction of the postsynaptic potentials elicited in motor neurons by a train of stimuli applied to a contralateral nerve may underlie the force deflections observed in the current study at NMES onset and offset. Values are means Ϯ SD. a n ϭ 28; b n ϭ 16.
Motor unit activity. The other primary finding of the current study was that the discharge characteristics of some but not all motor units in the left biceps brachii were influenced by NMES applied to the right elbow flexors. Careful measurements indicated that the discharge times of some low-and high-threshold motor units were not influenced by NMES at all. However, a qualitative analysis indicated that the activity of other motor units was modulated by the application of NMES. Unfortunately, the magnitude of this effect could not be quantified in the current study due to the recordings being made with fine-wire electrodes; it is necessary to use a recording system with greater spatial resolution, such as high-density surface EMG electrodes, to determine the discharge times of multiple, concurrently active motor units (10) . Nonetheless, it was possible to estimate the influence of right-arm NMES on motor unit activity in left biceps brachii by counting the unique waveforms detected by an automatic decomposition algorithm (21, 22) before, during, and after NMES (Fig. 4 and Table 5 ). The results indicated a statistically significant increase in the number of detectable waveforms during and after NMES with no effects due to either current (10 and 20% MVC force) or pulse width. Rather, the change in the number of waveforms (new waveforms ϩ lost waveforms) was greater after NMES compared with during NMES.
The current results also indicate that the influence of rightarm NMES on motor unit activity in the left biceps brachii is not due to the differential modulation of low-and highthreshold motor units. Percutaneous electrical stimulation can have a marked influence on the recruitment order of motor units in an underlying muscle (11) and in the recruitment threshold force of a nearby muscle (12) , but the issue in the current study is the crossed effect of electrical stimulation that presumably engages interlimb reflex pathways. The right-arm NMES undoubtedly involved oligosynaptic pathways to the motor neurons innervating the left biceps brachii. Intracellular recordings from motor neurons indicate that such pathways are susceptible to several sources of modulation and that the input received by the motor neurons can vary across the population (13, 27) . Despite the nonuniform effects elicited in the motor neurons innervating the left biceps brachii, however, the current findings suggest that the predominant effect was greater in low-threshold motor units due to the observation that the transient force deflections occurred only when low-threshold motor units were being tracked.
In summary, the current study found that application of NMES to right elbow flexors evoked a mixed response in the activity of motor units in the short head of the left biceps brachii. One response involved transient upward and downward deflections in the left-arm force that coincided with NMES onset and offset, respectively, but only when tracking low-and not high-threshold motor units and when NMES evoked a contraction in the right elbow flexors. The other response was the absence of an influence of NMES on the discharge characteristics of tracked low-and high-threshold motor units, but the modulation of activity for other motor units in the same muscle. Decomposition of the fine-wire recordings indicated that changes in the number of active motor units was greater immediately after NMES was turned off compared with after it was turned on. The findings are consistent with a crossed effect that was mediated by a medium-latency reflex with a predominant influence on the activity of low-threshold motor units, but which can be modulated by NMES current and pulse width.
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